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DNA replication-coupled (RC) nucleosome assem-
bly is mediated by histone chaperones and is funda-
mental for epigenetic inheritance and maintenance
of genomic integrity. The mechanisms that promote
this process are only partially understood. Here, we
show that the histone chaperone FACT (facilitates
chromatin transactions), consisting of Spt16
and Pob3, promotes newly synthesized histone
H3-H4 deposition. We describe an allele of Spt16
(spt16-m) that has a defect in binding to H3-H4
and impairs their deposition onto DNA. Consistent
with a direct role for FACT in RC nucleosome as-
sembly, spt16-m displays synthetic defects with
other histone chaperones associated with this pro-
cess, CAF-1 and Rtt106. Importantly, we show
that FACT physically associates with Rtt106 and
that the acetylation of H3K56, a mark on newly syn-
thesized H3, modulates this interaction. Therefore,
FACT collaborates with CAF-1 and Rtt106 in RC
nucleosome assembly.
INTRODUCTION
The transmission of epigenetic information to daughter cells and
the maintenance of genome integrity in eukaryotic cells depend
on accurate replication of not just DNA but of chromatin (Groth
et al., 2007). Errors in this process are observed in both cancer
and aging (Gurard-Levin et al., 2014). The fundamental unit of
chromatin is the nucleosome, which consists of 146 bp of DNA
wrapped around one histone octamer, which is formed by a his-
tone (H3-H4)2 tetramer and two H2A-H2B dimers (Luger, 2006).
During DNA replication, the parental nucleosomes must be
temporarily disassembled to facilitate DNA replication through
the chromatin template; subsequently, the parental histones as
well as newly synthesized histones are assembled into nucleo-
somes to reestablish the original chromatin state in a process
termed replication-coupled (RC) nucleosome assembly (Groth1128 Cell Reports 14, 1128–1141, February 9, 2016 ª2016 The Authoet al., 2007). The mechanisms that accomplish this crucial pro-
cess remain only partly understood.
Efficient assembly of nucleosomes during DNA replication re-
quires several known histone chaperones (Gurard-Levin et al.,
2014; Ransom et al., 2010). Chromatin assembly factor 1
(CAF-1), a three-subunit protein complex conserved from yeast
to humans, was the first histone chaperone identified to promote
assembly of replicating DNA into nucleosomes (Stillman, 1986).
CAF-1 is recruited to sites of DNA synthesis by interacting with
the DNA polymerase processivity factor proliferating cell nuclear
antigen (PCNA) (Shibahara and Stillman, 1999). The additional
histone H3-H4 chaperones Asf1 and Rtt106 also contribute to
RC nucleosome assembly (Huang et al., 2005; Tyler et al.,
1999). A major role of Asf1 in yeast cells is to present the histone
H3 for acetylation of lysine 56 (H3K56Ac) by Rtt109 (Han et al.,
2007; Recht et al., 2006). This modification is associated with
newly synthesized H3 (Masumoto et al., 2005) and promotes
Rtt101Mms1-catalyzed H3 ubiquitylation, which in turn facilitates
the transfer of histone H3-H4 from Asf1 to other histone chaper-
ones (Han et al., 2013) for assembly of newly synthesized H3-H4
onto replicating DNA. Although these studies revealed important
roles for these histone chaperones in efficient RC nucleosome
assembly, yeast cells lacking CAF-1 and Rtt106 are viable (Li
et al., 2008), suggesting that additional factors must also be
involved in the essential process of depositing new H3-H4
onto nascent DNA (Ling et al., 1996).
Modifications on new H3-H4 also promote RC nucleosome
assembly. In addition to H3K56Ac, K9, K14, K18, and K27 of
H3 and K5, K8, and K12 of H4 are also acetylated and contribute
to RC nucleosome assembly (Ling et al., 1996; Sobel et al.,
1995). The deposition of new H3 is coupled to passage of the
replication fork, as indicated by monitoring association of H3
acetylation at residues K9, K27, and K56 with nascent DNA
(Burgess et al., 2010; Li et al., 2008). This association is lost
when DNA synthesis is blocked using the ribonucleotide reduc-
tase inhibitor hydroxyurea (HU) (Burgess et al., 2010; Li et al.,
2008), recapitulating early observations indicating that bulk
nucleosome assembly is coupled to replication (McKnight and
Miller, 1977). This coupling can be partly explained by the
preferred binding of CAF-1 and Rtt106 to the newly synthesized,
acetylated versions of H3-H4 (Burgess et al., 2010; Li et al.,rs
(legend on next page)
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2008). However, it remains largely unclear how histone chaper-
ones and histone post-translational modifications cooperate to
promote efficient RC nucleosome assembly.
The FACT (facilitates chromatin transactions) complex is an
evolutionarily conserved histone chaperone that functions in
gene transcription, DNA replication, and DNA repair (Formosa,
2012; Reinberg and Sims, 2006). In Saccharomyces cerevisiae,
FACT consists of two essential subunits, Spt16 and Pob3
(SSRP1 in humans), each with multiple pleckstrin homology
(PH) domains (Hondele et al., 2013; Kemble et al., 2013;
VanDemark et al., 2006). Although they differ in which domains
of FACT are responsible, recent studies show that FACT can
compete with DNA for binding H2A-H2B, providing a potential
mechanism for how FACT destabilizes nucleosomes and pro-
motes dimer displacement (Hondele et al., 2013; Kemble et al.,
2015; Orphanides et al., 1999). Moreover, the PH domains of
FACT also bind H3-H4 (Belotserkovskaya et al., 2003; Kemble
et al., 2013; VanDemark et al., 2006), so this chaperone can
bind all of the components of a nucleosome.
Several lines of genetic and biochemical evidence indicate
that FACT plays a role in DNA replication (Formosa, 2012). First,
many conditional alleles of spt16 and pob3 display sensitivity to
the DNA replication inhibitor HU (Schlesinger and Formosa,
2000). Second, yeast FACT physically interacts with proteins
involved in DNA replication, including DNA polymerase a, the
single-strand DNA binding protein RPA, and replicative helicase
MCM (Foltman et al., 2013; Gambus et al., 2006; Rhoades et al.,
2004; VanDemark et al., 2006). Third, the ubiquitylation of Spt16
by Rtt101 targets FACT to the DNA replication machinery (Han
et al., 2010). These results suggest that FACT is critical for
DNA replication. Importantly, the PH domains in both Spt16
and Pob3 are structurally similar to the PH domains of Rtt106
that bind H3K56Ac (Li et al., 2008; Su et al., 2012; Zunder
et al., 2012). Notably, although Rtt106 preferentially binds
H3K56Ac-H4, FACT lacks conservation of the sequences in
Rtt106 important for this interaction and does not seem to recog-
nize this modification (Zunder et al., 2012). This raises the possi-
bility that Rtt106 and FACT could collaborate to promote RC
nucleosome assembly, but the potential contributions of FACT
in this process have remained uncharacterized.
Here, we show that FACT participates in the deposition of new
H3-H4 onto replicating DNA. Using an allele of Spt16 (spt16-m)
with a defect in binding H3-H4, we show that the new H3 depo-
sition is compromised in replication-independent (RI) and RC
assays, and that FACT function overlaps with the activities ofFigure 1. A Mutant Allele of Spt16 Impairs Nucleosome Assembly In V
(A) 32P-labeled plasmids were relaxed by Top I and then incubated with cell extra
extracted and tested for induction of supercoiling during the assay on agarose g
(B and C) Extracts depleted of Spt16-TAP by incubation with IgG beads display
osome assembly (C). The levels of relevant protein were stable, as indicated by
(D) A schematic view of the domain structure of Spt16 indicating the residues muta
197 (Spt16-G132D) and spt16-m (Spt16-K692R693AA), are indicated.
(E) The spt16-mmutant cells were tested for various phenotypes as described in
not to high temperature (37C),MPA, or 6-AU, is consistent with a defect in DNA re
function allele spt16-G132D. Additional tests are shown in Figure S2.
(F and G) As in (C), extracts were tested for the ability to support nucleosome ass
relevant protein levels were stable (Figure S3). Combining spt16-m with loss of
overlapping functions in nucleosome assembly.
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show that FACT binds Rtt106 in an S phase-dependent manner
and that this interaction is modulated by H3K56Ac. Together,
these results reveal coordination between the histone chaper-
ones FACT and Rtt106 to promote deposition of new H3-H4
for nucleosome assembly during DNA replication.
RESULTS
Depletion of FACT Complex Compromises Nucleosome
Assembly In Vitro
FACT is proposed to redeposit parental histones after transcrip-
tion in yeast cells in vivo (Jamai et al., 2009), and human FACT
can deposit core histones onto DNA in vitro (Belotserkovskaya
et al., 2003). We previously used a plasmid supercoiling assay
with cell extracts to demonstrate that H3K56Ac-dependent his-
tone deposition in yeast depends on CAF-1 and Rtt106 (Li et al.,
2008). We used the same assay to ask whether FACT also con-
tributes to this RI nucleosome assembly process (Figures 1A–
1C). Briefly, 32P-labeled plasmidDNA relaxed by topoisomerase I
(Top I) was incubated with cell extracts with or without immuno-
depletion of the tandem affinity purification (TAP)-tagged FACT
complex (Figure 1B). Formation of one nucleosome on a relaxed
DNA template introduces approximately one negative DNA su-
perhelical turn, and the supercoiled DNA migrates faster than
relaxed DNA (Figure 1A). Consistent with our previous report
(Li et al., 2008), nucleosome assembly and increased supercoil-
ing were enhanced in a dose-dependent manner by intact or
mock-depleted wild-type (WT) extracts (Figure 1C). In contrast,
nucleosome assembly was dramatically impaired by depletion
of the Spt16-TAP complex (Figure 1C). This was not due to
reduced levels of CAF-1, Rtt106, histone H3, ormodifiedH3 (Fig-
ure 1B), indicating that FACT is an important component of the
nucleosome assembly machinery in these extracts.
A Novel Allele of SPT16 Provides a Tool for Dissecting
the Role of FACT in H3-H4 Management
To test a role for FACT in RC nucleosome assembly, we exam-
ined existing FACT mutants for defects in H3-H4 deposition
but instead observed an RI increase in the deposition of newly
synthesized H3-H4 upon shifting strains with Ts alleles of
Spt16 or Pob3 to a restrictive temperature (J.F., unpublished
data). FACT functions in multiple chromatin-mediated pro-
cesses, and the full loss of FACT in these conditionally lethal mu-
tants leads to extensive disruption of these processes, includingitro
cts from WT or Spt16-depleted mutant cells. The resultant plasmids were then
els.
ed diminished supercoiled DNA (scDNA) formation, indicating reduced nucle-
western blotting with the same extracts (B).
ted in this study. The locations of two Spt16 mutants used in this study, spt16-
Experimental Procedures. Sensitivity to HU (concentrations shown in mM), but
plicationwith less of an effect on transcription relative to the conditional loss-of-
embly, with strains carrying spt16-m, cac1D, rtt106D, or double mutants. The
either CAF-1 or Rtt106 resulted in additive defects in supercoiling, indicating
rs
(legend on next page)
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a global decrease in nucleosome occupancy (van Bakel et al.,
2013) and increased turnover of nucleosomes, especially in hi-
ghly transcribed regions (Jamai et al., 2009). This increased
global histone turnover causes a high background of RI nucleo-
some assembly, which, as noted above, is dependent on FACT
activity, making it difficult to assess a role in RC assembly. To
focus on this question, we therefore sought a less disruptive
FACT mutation that does not cause the global transcription-
coupled defect but shows indications of a defect in RC assem-
bly. We screened a series of site-directed mutations affecting
conserved residues of the Spt16 PH domains to find alleles sen-
sitive to HU (indicating a defect in DNA replication) but retaining
normal growth at elevated temperatures (showing stability of the
mutant protein) and the absence of the Spt phenotype (to insure
minimal disruption of FACT’s roles in transcription) (Figure S1).
One spt16 mutant (with both K692A and R693A substitutions
in the middle domain of Spt16, which we refer to hereafter as
spt16-m) displayed this desired partial separation-of-function
phenotype. Unlike most of the previously identified Spt16 mu-
tants, such as the routinely studied spt16-G132D (spt16-197),
the spt16-m mutant cells did not exhibit sensitivity to high tem-
perature (indicating protein stability) or to the transcription inhib-
itors 6-azauracil (6-AU) and mycophenolic acid (MPA) (Figures
1E and S2B) (Riles et al., 2004). Mutant spt16-m cells displayed
a mild Spt phenotype compared with spt16-G132D mutant
cells in the lys2-128d reporter assay, indicating only a subtle
defect in transcription initiation (Figure S2C). Importantly, the
spt16-m mutant cells were highly sensitive to HU, indicating a
significant defect in DNA replication (Figures 1E, S1, and S2A).
We therefore further used spt16-m as a tool to dissect FACT’s
function in DNA replication preferentially in the absence of se-
vere global RI effects.
Extracts from cells with the Spt16-m mutation displayed a
defect in nucleosome assembly in the plasmid supercoiling
assay (Figures 1F and 1G), indicating that this activity is at least
partially impaired. Notably, combining spt16-m with either
cac1D or rtt106D caused amore pronounced reduction in nucle-
osome assembly than observed with any of the single mutants
(Figures 1F and 1G), and this did not appear to be due to reduced
H3K56Ac in the extracts (Figure S3). These results indicate that
FACT, CAF-1, and Rtt106 cooperate in nucleosome assembly,
possibly linking to DNA replication.
spt16-m Interacts Genetically with Factors Involved in
RC Nucleosome Assembly
To test whether the functional overlap among FACT, Rtt106, and
CAF-1 we detected in extracts reflects parallel activities in vivo,Figure 2. spt16-m Interacts Genetically with Factors Involved in Nasce
Dilution assays were performed as in Figure 1.
(A and B) Combining spt16-m with deletions of Asf1 or Rtt109, factors required fo
leads to increased sensitivity to HU.
(C) The spt16-mmutant shows synthetic defects with mutations at lysine residue
H4 3KR: H4 K5R, K8R and K12R.
(D) The spt16-m mutant exhibits synthetic defects in growth and HU sensitivity w
Figure 1D.
(E) As a quantitative assessment of the effects of HU, equal numbers of log phase
HU. Colonies were counted after incubation at 30C for 2–4 days, and viability w
1132 Cell Reports 14, 1128–1141, February 9, 2016 ª2016 The Authowe next asked whether spt16-m interacts genetically with fac-
tors involved in RC assembly. Asf1 is the chaperone required
for acetylation of H3K56 by Rtt109 in newly synthesized H3 prior
to nucleosome assembly, and loss of this modification causes
replication stress that can be detected as enhanced HU sensi-
tivity (Han et al., 2007; Recht et al., 2006; Tyler et al., 1999).
Combining spt16-m with asf1D, rtt109D, or an unmodifiable
H3K56R mutant all resulted in more severe HU sensitivity (Fig-
ures 2A and 2B), consistent with overlap between defects in
H3K56Ac and the defect caused by spt16-m.
Newly synthesized H3-H4 can also be acetylated on H3 resi-
dues K9, K14, K18, K23, and K27 and on H4 residues K5, K8,
and K12, and these modifications contribute to efficient RC
nucleosome assembly (Burgess et al., 2010; Verreault et al.,
1996), as do the chaperones Rtt106 and CAF-1 (Li et al., 2008;
Smith and Stillman, 1989). Mutations in these H3 sites (5KR),
H4 sites (3KR), and chaperones also enhanced the HU sensitivity
caused by spt16-m (Figures 2C–2E). Together, these results indi-
cate that FACT functions redundantly with CAF-1, Rtt106, and
H3-H4 modification to promote DNA replication, possibly
through common or parallel roles in RC nucleosome assembly.
Spt16 Collaborates with CAF-1 and Rtt106 to Promote
Deposition of New H3-H4
To test more directly whether Spt16 contributes to deposition of
newly synthesized histone H3-H4 during DNA replication, we
first monitored H3K56Ac deposition at replication forks in
spt16-m mutant cells by chromatin immunoprecipitation (ChIP)
(Figures 3A, 3B, and S4). Because newly synthesized H3-H4
normally bears this modification (Masumoto et al., 2005), associ-
ation of H3K56Acwith nascent DNA is used to detect RC assem-
bly (Li et al., 2008). Yeast cells were arrested in G1 phase and
then released into fresh YPD medium containing 0.2 M HU.
This produces a synchronized population of cells that initiate
DNA replication at early replication origins normally but whose
elongating replication forks stall after several kilobases, probably
because of low dinucleotide triphosphate levels. ChIP of
H3K56Ac followed by quantitation of regions near to and far
from replication origins was then used to determine whether
RC nucleosome assembly was functional in these cells (Fig-
ure 3A). In agreement with previous results (Li et al., 2008), in
WT cells, H3K56Ac was deposited onto replicating DNA near or-
igins such as ARS305 and ARS607, but not onto non-replicating
DNA regions far from these origins (12 and 14 kb, respectively),
or onto the late replicating origin ARS501 that does not fire under
these conditions (Figures 3B, S4A, and S4B). No signal was
observed in cells lacking the HAT Rtt109, and these resultsnt H3-H4 Deposition
r formation of H3K56Ac, or an allele of H3 that cannot be acetylated (K3K56R)
s at the H3 or H4 N terminus. H3 5KR: H3 K9R, K14R, K18R, K23R and K27R;
ith cac1D and rtt106D mutants. Experiments were performed as described in
cells were diluted and plated onto media containing different concentrations of
as normalized to the number of colonies obtained on YPD plates without HU.
rs
(legend on next page)
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support the conclusion that the assay accurately detects RC
nucleosome assembly. When spt16-m cells were tested, the
deposition of H3K56Ac onto replicating DNA was reduced rela-
tive to WT, consistent with a defect in RC assembly (Figures 3B
and S4B). The levels of H3K56Ac and H3 in themutant cells were
normal (Figure S4E), and arrest by a-factor was effective (Fig-
ure S4F). Deposition of new H3-H4, as detected by two other
marks (H3K27Ac and H4K5,12Ac) was also impaired in
spt16-m cells, further supporting the interpretation that RC as-
sembly was defective (Figures 3C, 3D, S4C, and S4D). Together,
these results indicate that Spt16 participates in the normal depo-
sition of new H3-H4 during S phase of the cell cycle and that the
Spt16-m causes a defect in this process.
Nucleosome assembly activity in extracts and phenotypic
analysis suggested cooperation between Spt16 and CAF-1 or
Rtt106. Consistent with the interpretation that these synthetic
defects might reveal cooperation between FACT and these
two chaperones in RC nucleosome assembly, we found that
the deposition of H3K56Ac onto replicating DNA (ARS305 and
ARS607) was more dramatically compromised in both spt16-m
cac1D and spt16-m rtt106D double mutants relative to single
mutant cells (Figures 3E, 3F, and S5). These results strongly sup-
port the idea that Spt16 functions in parallel with CAF-1 and
Rtt106 to deposit new histones onto replicating DNA.
Spt16-m Impairs the Interaction of the Spt16M Domain
with H3-H4
Our results show that spt16-m causes a defect in H3-H4 depo-
sition in a process that overlaps with the activities of other H3-
H4 chaperones. One explanation for these observations that
takes into account the known activities of these factors is that
the Spt16-m protein might fail to bind H3-H4 normally, leading
to ineffective cooperation with the other chaperones. To test
this, we tagged normal and mutant Spt16 with a TAP module
and examined the histones that co-purified with each from
whole-cell lysates, as previously reported (Foltman et al., 2013;
Zunder et al., 2012). Western blotting revealed that unmodified
H3, H3K56Ac, and H4K5,12Ac all co-purified with the TAP-
tagged Spt16, confirming previous results and indicating that
newly synthesized histones are among the proteins bound by
FACT in these lysates that are expected to closely reflect intra-
cellular conditions (Figures 4A and 4B). Importantly, the yield of
H3-H4 was significantly reduced in cells with the spt16-mmuta-Figure 3. Spt16 Functions in Parallel with CAF-1 and Rtt106 in New H3
(A) The experimental scheme of histone ChIP assay. WT and spt16-mmutant cells
medium containing 0.2 M HU. Equal numbers of cells were collected just prior t
containing HU. ChIP assays were performed using antibodies against H3K56Ac,
(B) Deposition of H3K56Ac is reduced near the early replication origins ARS305
repeats were performed, with similar trends in all cases (see Supplemental Inform
from three technical replicates using the same biological samples. ChIP over inpu
the same loci (Figure S4B), indicating that loss of H3K56Ac signal is not the resu
specificity of the antibodies used.
(C and D) Deposition of H3K27Ac and H4K5,12Ac is reduced at replicating DNA
antibodies against H3K27Ac, H4K5,12Ac, and H3 antibodies. The data are presen
error bars indicating the SD for three technical repeats with the same ChIP samp
results (an additional biological repeat result is shown in Figures S4C and S4D).
(E and F) The spt16-mmutation leads to reducedH3K56Ac deposition at replicatin
as described in (A), an additional biological sample is shown in Figure S5.
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ciation of FACT with H2A-H2B was not affected in the spt16-m
mutant cells (Figure S6A), consistent with reports that the bind-
ing sites for H2A-H2B are not in the region affected by the
Spt16-m mutation (Hondele et al., 2013; Kemble et al., 2013,
2015). We conclude that Spt16 K692 and R693 are important
components of the interaction of Spt16 with H3-H4.
Consistent with a potential role in directly contacting H3-H4,
K692 and R693 map to a highly conserved surface of the
Spt16M domain (Figures 4C and 4D) (Hondele et al., 2013; Kem-
ble et al., 2013). To further evaluate this possibility, we examined
the interactions between the isolated normal andmutant Spt16M
domains and histones using purified recombinant proteins. Re-
combinant GST-Spt16M (residues 675–959) was purified from
bacteria and mixed with histone octamers (Xenopus laevis se-
quences, purified from bacteria) or H3-H4 proteins (Drosophila
melanogaster sequences, purified from bacteria). As expected
from previous reports, Spt16M bound H3-H4 in both GST pull-
down assay and His pull-down assay, and the yield of H3-H4
was greater than that of H2A-H2B (Figures 4E, 4F, S6B, and
S6C). Importantly, the Spt16 K692, R693 mutations dramatically
reduced the recovery of H3-H4 with both GST-tagged and His-
tagged recombinant Spt16M proteins (Figures 4F and S6C).
These mutations do not appear to affect the overall stability of
Spt16 or Pob3 (Figures S6D and S6E), so the most likely expla-
nation for the decreased binding is that these residues affect the
interaction between Spt16M and H3-H4. We conclude that the
Spt16 K692, R693 mutations cause diminished binding of H3-
H4 by FACT and that this is likely to cause the RC assembly
defects observed in the spt16-m mutant cells.
FACT Binds Rtt106:H3K56Ac-H4 Complexes
The functional and genetic interactions described above sug-
gested that FACT might interact physically with other chaper-
ones involved in RC assembly. We tested this by examining
copurification of epitope-tagged factors with Spt16-TAP from
whole-cell lysates (Figure 5A). No interaction with Asf1 was de-
tected, but both Rtt106 and the CAF-1 subunit Cac2 bound to
Spt16-TAP under these conditions. Reciprocal experiments
confirmed these interactions (Figures 5B and 5E). CAF-1 and
Rtt106 were previously shown to interact physically with one
another (Huang et al., 2005), and the yield of Cac2 was lower
than that of Rtt106 in these experiments, suggesting that theDeposition on Replicating DNA
were arrested at G1 phase using a-factor at 25C and then released into fresh
o (G1, 0 min) and at different time points following release into fresh medium
H3K27Ac, H4K5,12Ac, and H3 (as a normalization control).
and ARS607 in spt16-m mutant cells. At least three independent biological
ation for an additional example). The error bars here represent SDs calculated
t is reported here, but results were similar after normalizing to total H3 ChIP for
lt of decreased total H3. The lack of signal in an rtt109D mutant confirms the
in spt16-m mutant cells. ChIP assays were performed as described in (A) with
ted as the ratio of H3K27Ac, H4K5,12Ac ChIP signal over H3 ChIP signal, with
le. At least three independent biological repeats were performed, with similar
g DNA in the absence ofRTT106 (E) orCAC1 (F). H3K56AcChIPwas performed
rs
Figure 4. spt16-m Reduces the Association of FACT with H3-H4 In Vitro
(A and B) Spt16 and Pob3 proteins were purified from yeast cells using the TAP method, and co-purified proteins were detected by western blotting using
indicated antibodies. CBP, calmodulin-binding peptide; IP, co-purifying fraction; SCE, soluble cell extract. A strain without TAP-tagged proteins (No-TAP) was
used as a control for TAP purification. The band intensity was quantified as described above, normalized to the CBP signals in the IP samples and reported as the
relative band intensity compared with WT. Numbers below the panels indicate the IP signal, normalized to the CBP signal for the corresponding WT sample.
(C) A sequence alignment of Spt16Mdomains from ten species was performed using Clustal X (Larkin et al., 2007). Spt16 residues K692 and R693 are highlighted.
(D) K692 and R693 are shown on the surface of the Spt16M structure (PDB: 4IOY). The overall conservation is shown, suggesting a conserved function for this
surface. The molecular surface of S. cerevisiae Spt16M was rendered using PyMOL and was colored on the basis of the amino acid conservation scores
calculated using ConSurf (Tan et al., 2006).
(E) The recombinant Spt16Mproteins preferentially bind H3-H4 in vitro. Recombinant GST-Spt16M and control GST proteins were used to pull down recombinant
core histones, and bound proteins were detected using Coomassie blue staining.
(F) The Spt16-m mutation results in reduced association of Spt16M with H3-H4. Recombinant WT and Spt16-m mutant proteins were used to pull down re-
combinant Drosophila histones H3-H4. Bound proteins were detected by western blotting.
Cell Reports 14, 1128–1141, February 9, 2016 ª2016 The Authors 1135
Figure 5. Acetylation of H3K56 Is Important for the Interaction between FACT and Rtt106
(A) FACT physically interacts with Rtt106 and CAF-1 but not with Asf1. Experiments were performed as described in Figure 3E. Spt16-TAP was purified fromWT
cells and cells containing Rtt106-Flag, Cac2-13Myc, or Asf-3HA, and co-purified proteins were analyzed by western blotting. *Non-specific band detected in the
MYC western blot.
(legend continued on next page)
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FACT:Rtt106 interaction might be direct and the binding of
CAF-1 might be indirect.
Notably, deleting factors required for H3K56Ac (RTT109 or
ASF1) resulted in a dramatic reduction in the FACT-Rtt106 bind-
ing (Figure 5C) but not in the binding between FACT and CAF-1
(Figure 5D), suggesting that H3K56Ac is important for promoting
the FACT-Rtt106 interaction. Rtt106 preferentially binds
H3K56Ac-H4 (Li et al., 2008), suggesting that it is the
Rtt106:H3K56Ac-H4 complex that is the binding partner for
FACT rather than Rtt106 alone. We tested this by asking if
FACT can bind mutated variants of Rtt106 that are unable to
bind H3-H4. Of the six Rtt106 mutants tested, two (I259A and
Q288A) showed milder H3-H4 binding defects, whereas four
(Y291A, I294A, Y261A, and F269A) exhibited more dramatic de-
fects (Su et al., 2012). All six of the Rtt106 mutations caused
diminished recovery of FACT, and the effect was roughly propor-
tional to the defect in the Rtt106:H3-H4 interaction (Figure 5F).
These results strongly support the conclusion that FACT binds
Rtt106:H3K56Ac-H4 complexes, possibly bridging through
H3K56Ac-H4.
Rtt106:H3K56Ac-H4ComplexesEnhance the Loading of
H3-H4 onto FACT during S Phase
H3K56Ac is associatedwith new histone, and both the amount of
histone synthesis and the level of H3K56 acetylation peak during
S phase when themajority of new nucleosome assembly occurs.
If FACT preferentially binds Rtt106:H3K56Ac-H4 complexes, this
interaction should also peak in S phase. We tested this by
arresting cells in G1, then releasing them and making extracts
from synchronized populations of cells as they progressed
through the cell cycle (Figures 6A and 6B). As predicted, we
observed maximal Rtt106:Spt16 and Spt16:H3 binding in ex-
tracts from cells in S phase (Figure 6C). Experiments with
Pob3-TAP gave similar results and recapitulated the observa-
tions described above demonstrating that the interaction of
FACT with Rtt106 requires acetylation of H3K56, as the interac-
tion is lost in cells lacking Rtt109 (Figures 6E and S7).
Purified FACT binds H3-H4 in vitro in the absence of Rtt106
(Kemble et al., 2013; VanDemark et al., 2006). Consistent with
this, deletion of RTT106 or RTT109 had no apparent effect on
the amount of H3-H4 bound to FACT in extracts of G1 cells (Fig-
ures 6D and 6E, compare the 0 min time points for each mutant
relative to the WT in the same experiment). Importantly, the in-
crease in FACT:H3-H4 complexes normally observed in S phase
extracts did not occur that much in the absence of Rtt106 or
when H3K56 acetylation was blocked (Figures 6D, 6E, S7C,
and S7D, comparing the lanes at 40 min). Although FACT retains
the ability to bind H3-H4 in the absence of Rtt106:H3K56Ac-H4(B) TAP-tagged Rtt106 or a control protein (YNL092W) was purified as described
(C) The FACT-Rtt106 interaction was dramatically reduced in cells lacking Rtt10
Pob3-TAP was purified from WT, rtt109D, and asf1D cells, and the associated p
(D) The interaction between FACT and CAF-1 does not depend on Rtt109. Pob3-
the associated proteins were analyzed by western blotting.
(E) The interaction between CAF-1 and FACT did not depend on Rtt109. Cac2-T
analyzed by western blotting.
(F) The interaction of Rtt106 with FACT depended on Rtt106’s ability to bind H3.
co-purified proteins were detected by western blotting.
Cell Rcomplexes, these results suggest that the availability of these
complexes makes a significant contribution to the loading of
H3-H4 onto FACT during S phase. The preferential association
of FACTwith Rtt106:H3K56Ac-H4 complexes has significant im-
plications for models of RC nucleosome deposition (see Discus-
sion and Figure 7).
DISCUSSION
Conditional loss-of-function alleles of FACT cause a broad range
of defects, but we were able to focus on the role in replication
using an allele of the Spt16 subunit of FACT that causes a defect
in H3-H4 binding. We identified this allele, spt16-m, by alanine-
scanning mutagenesis of conserved surface residues in the mid-
dle domain of Spt16, a module previously reported to be impor-
tant for H3-H4 binding (Hondele et al., 2013; Kemble et al., 2013).
We identified a mutation that caused sensitivity to the replication
toxin HU but only mild defects in phenotypes more closely asso-
ciated with transcription. Using this tool, we show that FACT
contributes to RI nucleosome assembly and detect functional,
genetic, and physical interactions between FACT and the RC as-
sembly machinery. Direct tests revealed that cells with the
spt16-m allele have a defect in deposition of new H3-H4 onto
nascent DNA, strongly implicating FACT in RC nucleosome as-
sembly. Importantly, we showed that FACT interacts with
Rtt106 mainly during S phase and that this interaction depends
on the formation of Rtt106:H3K56Ac-H4 complexes. These
results suggest a potential model in which Rtt106 promotes
the efficiency of RC nucleosome assembly, in part, through sup-
plying FACT at replication forks with newly synthesized histones.
A Role for FACT in Chromatin Replication
To maintain the epigenetic information stored in histone modifi-
cations, DNA replication must copy not only the DNA itself but
also the epigenetic state of the chromatin. As the number of nu-
cleosomes must double along with the DNA, and newly synthe-
sized histones are not modified with the pattern that matches
parental H3-H4, it remains unclear how chromatin replication is
accomplished (Groth et al., 2007; Gurard-Levin et al., 2014). It
is known that deposition of new H3-H4 depends on histone
chaperones such as CAF-1 and Rtt106 (Gurard-Levin et al.,
2014; Ransom et al., 2010; Schmitt et al., 1990), implicating
these factors in nucleosome assembly during replication. Sup-
porting this idea, loss of these factors causes defects in main-
taining transcriptional silencing and sensitivity to DNA damage
(Gurard-Levin et al., 2014; Ransom et al., 2010). However, yeast
cells lacking both CAF-1 and Rtt106 are viable. Therefore, addi-
tional factors must also participate in de novo nucleosomeabove, revealing interaction of FACT only with Rtt106.
9 or Asf1, revealing the importance of H3K56 acetylation for this interaction.
roteins were analyzed by western blot.
TAP was purified from WT and rtt109D cells with or without Cac2-13MYC, and
AP was purified from WT and rtt109D cells, and the associated proteins were
WT or six site-specific Rtt106 mutants were purified from yeast cells, and the
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Figure 6. The FACT-Rtt106 Interaction Peaks during the S Phase of the Cell Cycle
(A) A schematic for the arrest-release experiment. WT, rtt106D, or rtt109D mutant cells with Spt16-TAP or Pob3-TAP were tested. Equal samples of cells were
collected for purification of Spt16 or Pob3 just prior to (0 min, G1) and at the indicated time points following release into the cell cycle. Co-purified proteins were
analyzed by western blotting.
(B and C) The association of Rtt106 with Spt16 peaked in S phase. The DNA content was analyzed by FACS (B), and co-purified proteins were analyzed by
western blotting (C).
(D and E) Rtt106 and Rtt109 were important for the association of H3with FACT during S phase. The DNA content was analyzed by flow cytometry and is shown in
Figure S7. H, heavy exposure; L, light exposure.assembly. FACT is an essential histone chaperone associated
with both transcription machinery and replication complexes,
making it a likely candidate for a role in nucleosome assembly,
and several reports indicate that FACT is important for retaining
existing histones and reestablishing chromatin during transcrip-
tion and replication (Belotserkovskaya et al., 2003; Foltman
et al., 2013; Jamai et al., 2009). Because of its extensive impor-
tance in transcription, however, it has been difficult to investigate
FACT’s potential role in deposition of new H3-H4 during S phase
in isolation. We therefore sought a separation-of-function allele
with relatively normal properties in transcription but a defect in1138 Cell Reports 14, 1128–1141, February 9, 2016 ª2016 The Authoreplication. The spt16-m allele described here provided this
combination of features, and using this mutant, we present the
following lines of evidence indicating that FACT is a histone
chaperone that functions redundantly with CAF-1 and Rtt106
in RC nucleosome assembly. First, using the partial separa-
tion-of-function allele of spt16-m, we showed that spt16-m
genetically interacts with mutations in genes or histone lysine
residues that regulate RC nucleosome assembly. Second, we
showed that Spt16 is required for the efficient deposition of
newH3 onto replicating DNA. Third, using three different assays,
including (1) HU sensitivity, (2) H3K56Ac ChIP, and (3) in vitrors
Figure 7. A Proposed Model for FACT Cooperation with CAF-1 and
Rtt106 in the Deposition of Newly Synthesized H3-H4 onto Repli-
cating DNA
Three histone chaperones, CAF-1, Rtt106, and FACT, function in parallel and
cooperate in histone deposition onto replicating DNA during S phase. Blue
arrows indicate the histone flow during RC nucleosome assembly. Black
arrows indicate the interactions between the histone chaperones. FACT in-
teracts with Rtt106, apparently weakly with CAF-1, and not with Asf1. The
FACT-Rtt106 interaction peaks in S phase and requires H3K56Ac-H4 binding
to Rtt106. The replicative helicase MCM and DNA polymerase clamp (PCNA)
are also shown on the replication fork. The question mark indicates that it is
unknown whether Asf1 delivers H3-H4 to FACT. Recent studies have sug-
gested that both yeast CAF-1 and Rtt106 deposit histone (H3-H4)2 tetramers
for nucleosome assembly (Fazly et al., 2012; Liu et al., 2012; Winkler et al.,
2012), so we use the (H3-H4)2 tetramer as an example in the cartoon.nucleosome assembly, we found that in all three cases, the
Spt16-m mutation dramatically increased the defects resulting
from cac1D or rtt106D cells, suggesting that Spt16 functions in
parallel with CAF-1 and Rtt106 in nucleosome assembly (Fig-
ure 7). These results demonstrate that FACT has a role in the
deposition of new H3-H4 onto replicating DNA during the
S phase of the cell cycle.
Mechanistically, we provide evidence supporting the idea
FACT binds H3-H4 and cooperates with other histone chaper-
ones in the deposition of newly synthesized histones onto repli-
cating DNA. The Spt16-m protein has a defect in binding H3-H4,
suggesting that the surface in the middle domain of Spt16 that
wasmutated either directly or indirectly impacts the H3-H4 inter-
action interface. This domain of Spt16 is structurally similar to
Rtt106, a chaperone that preferentially binds newly synthesized
H3-H4 that bears the H3K56Ac mark. However, FACT does not
appear to recognize newly synthesized histones directly (Zunder
et al., 2012), and neither Rtt106 nor H3K56Ac is essential for
viability, so it has remained puzzling what distinct activities these
factors might perform during RC nucleosome assembly. Our
results provide a possible resolution to this question, by showing
that FACT interacts with Rtt106, but this interaction depends on
previous loading of Rtt106 with H3K56Ac-H4. We and others
have shown that FACT can bind unmodified H3-H4, but our
results show that the pipeline of newly synthesized proteins in-
cludes Rtt106, and disruption of this supply line leads to dimin-Cell Rished efficiency of histone deposition. We propose that FACT
participates in RC nucleosome assembly and that it can perform
its role without a supply of Rtt106:H3K56Ac-H4 complexes, but
this is inefficient relative to the process in which this supply is
available. This suggests that one role of Rtt106 in nucleosome
assembly is to hand off the H3K56Ac-H4 to FACT and that,
although this is not essential for RC nucleosome assembly, it
contributes significantly to the efficiency and effectiveness of
the process. In this sense, Rtt106 acts as an H3-H4 loading fac-
tor for FACT, possibly directing FACT activity to use newly syn-
thesized H3-H4 under specific circumstances. This model is
speculative but it can explain the overlapping physical and
genetic effects we and others have reported and suggests how
a range of histone chaperones each contributes individually to
assembly of nucleosomes during replication.
EXPERIMENTAL PROCEDURES
Yeast Strains, Plasmids, and Antibodies
Yeast strains used in this study were derived from the parental W303
background (leu2-3,112, ura3-1, his3-11, trp1-1, ade2-1, and can 1-100) for
biochemical and genetic analyses. All yeast strains are listed in Table S1.
Standard yeast media and manipulations were used to generate all the yeast
strains. The construction of spt16-m mutant strain, plasmids, and detailed
antibody information are described in Supplemental Experimental
Procedures.
Yeast Spot Assays
To analyze the phenotypes of yeast strains, 10-fold serial dilutions of cultures
were spotted onto YPD plates containing different concentrations of drugs or
lacking key nutrients. Plates were incubated at 30C or the indicated temper-
ature for the time noted in each figure legend. Strains were transformed with
pRS316 prior to assessing 6-AU (final concentration 100 mg/ml) and MPA (final
concentration 30 mg/ml) sensitivity to allow growth on themedium, which lacks
uracil. Multiple replicates for each condition were performed, with a represen-
tative sample shown.
ChIP Assay
Exponentially growing cells were synchronized with 5 mg/ml a-factor for 3 hr at
25C and then released into fresh media containing 0.2 M HU. Samples were
collected at the indicated time points to perform ChIP assay using indicated
histone modifications antibodies as previously described (Li et al., 2008).
The immunoprecipitated (ChIPed) DNA was released and analyzed by real-
time PCR (CFX96; Bio-Rad) with the primers listed in Table S2. The percentage
of ChIPed DNA relative to the total input DNA was then calculated. For modi-
fied histone ChIPs, a parallel assay was performed with antibodies against un-
modified H3, and the ratio of histone modifications ChIP signal to the total H3
ChIP signal was calculated (Figures S4B, 3C, 3D, and S5). For the Spt16 ChIP,
Spt16-TAP cells were used and immunoglobulin G (IgG) beads (GE Health-
care) were used to isolate chromatin associated with Spt16. At least three
independent ChIP experiments were performed each assessment, with the re-
sults from one representative experiment shown. Additional examples
showing the same trends are shown in the supplemental data section.
Protein Purification and In Vitro Pull-Down Assay
TAP-tagged Pob3-Spt16 complexes purified fromwhole-cell lysates were per-
formed as described (Li et al., 2008), with additional detail noted in Supple-
mental Experimental Procedures. Recombinant Drosophila histone (H3-H4)2
tetramers were expressed and purified from E. coli as described (Levenstein
and Kadonaga, 2002). The histone octamers were reconstituted as previously
described (Dyer et al., 2004). GST- or His-tagged proteins were purified
following standard methods with minor modifications. Histone binding assays
with purified components were performed essentially as described (Li et al.,
2008) with the modifications noted in Supplemental Experimental Procedures.eports 14, 1128–1141, February 9, 2016 ª2016 The Authors 1139
Plasmid Supercoiling Assay
In vitro plasmid supercoiling assays were performed as previously described
with the following modifications (Li et al., 2008; Ma et al., 1998; Schultz
et al., 1997). Whole-cell extracts were incubated with a mixture of 32P labeled
(one part) and unlabeled (four parts) DNA Top I (Promega) relaxed plasmid at a
final concentration of 20 ng/ml in a buffer containing 7.5 mMMgCl2, 1 mMDTT,
and 0.05 mM EDTA at 30C for 1.5 hr. The assembly reaction was stopped by
adding 10mMEDTA and 0.05%SDS. After digestion of RNA and proteins with
RNase A and Pronase, respectively, DNA products were purified by standard
phenol extraction method, resolved by a 1.25% native agarose gel and de-
tected using a PhosphorImager (GE Healthcare). Additional details are found
in Supplemental Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and two tables and can be found with this article online at
http://dx.doi.org/10.1016/j.celrep.2015.12.096.
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